Introduction
============

Asymmetric left ventricular hypertrophy in the absence of other causes, such as hypertension or valvular heart disease, is the hallmark of hypertrophic cardiomyopathy (HCM). However, as shown by previous echocardiographic tissue doppler studies [@B1], HCM may also involve the right ventricle. Echocardiographically derived mitral and tricuspid annular plane systolic excursions (MAPSE and TAPSE) have been suggested as surrogate markers for longitudinal systolic and diastolic left ventricular (LV) and right ventricular (RV) function in several cardiac pathologies [@B2], [@B3]. However, their relevance in HCM is still unclear. Clinically, about one third of patients with HCM develop atrial fibrillation (AF) which is associated with clinical deterioration, stroke, stroke-related death and disability [@B4]. Therefore, the early identification of patients at risk to develop AF is warrant to allow the timely monitoring and introduction of therapies to protect patients against the consequences of AF.

Thus, the aim of our study was to evaluate cardiac magnetic resonance (CMR)-derived determinants for the occurrence of AF in patients with HCM.

Methods
=======

Study population
----------------

All patients and volunteers included in this study gave written informed consent and the study was approved by the local ethics commission.

A total of 130 consecutive patients with HCM referred for CMR were enrolled between February 2005 and March 2014 at our department. The population included 60 patients as reported earlier [@B5]. All patients with HCM were diagnosed based on conventional criteria; left ventricular hypertrophy ≥ 15 mm on two-dimensional echocardiography in the absence of another disease that could account for the hypertrophy [@B6]. Non-obstructive HCM (HNCM) was defined as a pressure gradient ≤ 30mmHg at rest and after provocation. Patients with a pressure gradient \>30mmHg at rest or after provocation were classified as obstructive HCM (HOCM).

Of 130 patients with HCM, 32 patients were excluded, due to incomplete clinical or CMR data (n=22), or insufficient CMR image quality (n=10), yielding a total number of 98 finally included in this study (67 men and 31 women; mean age 56 ± 14 years).

30 age and sex matched healthy subjects served as controls and satisfied the following criteria: normal physical examination, normal blood pressure (\<130 mm Hg and \<85 mm Hg), normal ECG findings, no history of chest pain or dyspnoea, no diabetes, no hyperlipidemia and normal 2D echocardiography and doppler examination. None of the control subjects was on medication. Exclusion criteria for healthy controls were the presence of signs or symptoms of cardiac diseases, hypertension, diabetes, smoking, or participation in competitive sports.

CMR image acquisition
---------------------

All studies were performed using a 1.5 Tesla and 3.0 Tesla whole body MR imaging system (Magnetom Avanto and Skyra, Siemens Medical Systems, Healthcare Sector, Erlangen, Germany) using a six-element (Avanto) phased-array body coil and a 18-element body matrix coil. Cine images were acquired using a retrospective-gated balanced segmented steady state free precession (trueFISP) sequence in three long-axis views (2-, 3-, and 4-chamber view) and in multiple short-axis views, covering the entire LV from base to apex. Late gadolinium enhancement (LGE) images were obtained 10-15 min after intravenous administration of 0.2 mmol·kg^-1^ Gadoteric acid (Dotarem, Guerbet, Roissy CdG Cedex, France, Germany), using either an inversion recovery turbo Fast Low Angle Shot sequence or a phase-sensitive inversion recovery true fast imaging with steady state precission sequence at the same position as the long and short-axis cine acquisitions in end diastole [@B7]. The inversion time was adjusted per patient to optimally null signal from normal myocardium typically between 250 and 300 ms.

CMR Image analysis
------------------

Left ventricular mass and volumes as well as right ventricular and left atrial volumes [@B8] were determined using CMR as previously described. The LV remodelling index (LVRI) was determined as the ratio of LV mass (LV-EDM) to LV end-diastolic volume (LV-EDV). MAPSE measurements were assessed on 4-chamber view cine images. The distance between the basal septal mitral annulus (septal MAPSE) and a reference point outside the heart were measured in end-diastole and end-systole. Septal MAPSE was calculated by subtracting the end-systolic (ESL) from the end-diastolic length (EDL).

To determine TAPSE, the distance between the cutting edge of the tricuspid annulus with the RV free wall and a reference point outside the RV apex were measured in end-diastole (\[EDL) and end-systole (ESL). The point outside the RV apex was chosen in extension to the right ventricular apex and had to stay unchanged at end-diastole and end-systole. TAPSE was defined as the difference between EDL and ESL.

Quantification of the severity of mitral regurgitation
------------------------------------------------------

The mitral regurgitation (MR) volume was calculated through an indirect method [@B9] and the severity of the MR was quantified using CMR as previously described [@B9].

Patients with moderate or more than moderate MR were considered as having significant MR[@B10]. Additionally, MR was determined using color doppler echocardiography. In subjects with a visually assessed moderate MR underwent quantification of the effective regurgitant orifice area (EROA) using a simplified proximal convergence method. Patients with ≥ moderate MR and EROA ≥ 30mm² were considered as having significant MR [@B10]. In case of disagreement between the CMR and the echocardiography results quantification of the severity of the mitral regurgitation was done according to the echocardiography results.

Atrial Fibrillation
-------------------

AF was documented based on ECG recordings obtained when patients presented with acute onset of symptoms or during follow up visits including 24 hour ambulatory Holter ECG monitoring. AF episodes were classified according to the current guidelines of the European Society of Cardiology [@B11].

Statistical Analysis
--------------------

All data are presented as a mean ± standard deviation. Continuous parameters were compared using a 2-tailed student\'s t-test. The Mann-Whitney U test was applied for nonparametric data. Receiver-operator curve analysis (ROC) was used to determine the optimal cut-off value of TAPSE and RAD to discriminate patients at increased risk of AF development.

All results were considered statistically significant when p\<0.05. Analyses were performed with Statistical Package for Social Sciences (SPSS for windows 14.0, Chicago, IL, USA).

Results
=======

Table [1](#T1){ref-type="table"} presents CMR characteristics of all 98 patients with HCM compared to 30 healthy controls. Among the 98 patients, 19 (19.4%) presented with AF at initial diagnosis. Another 19 (19.4%) developed AF during the follow-up period of 6±3 years. 60 (61.2%) remained in SR. Compared to healthy controls, patients with HCM who remained in SR (Table [2](#T2){ref-type="table"}) presented with significantly increased indexed left ventricular mass (LV-EDMI, p\<0.0001), an elevated left ventricular remodeling index (LVRI, p=0.001), increased septal (SWT, p\<0.0001) and posterior wall thickness (PWT, p=0.001), enlarged indexed left atrial volumes (p\<0.0001) as well as reduced septal MAPSE measurements (p=0.003).

Left (LV-EF, p=0.03) and right ventricular ejection fraction (RV-EF, p=0.07) were hypercontractile in patients with HCM in SR compared to healthy controls. TAPSE (p=0.3) and RAD (p=0.3) were not different between healthy controls and patients with HCM in SR.

Looking at the LGE extent % in HCM patients who remained in SR (11±12%) compared to those who presented with AF at initial diagnosis (16±16%) or during follow-up (17±18%) showed a trend towards more LGE (16±16%, p=0.2 and 17±18%, p=0.1, respectively). In relation to patients with HCM in SR, those who presented with AF at initial diagnosis (Table [3](#T3){ref-type="table"}) were significantly older (p=0.01), revealed significantly elevated indexed LA volumes (p=0.004), significantly reduced septal MAPSE (p=0.01, Figure [1](#F1){ref-type="fig"} D, E), significantly reduced TAPSE (p=0.03) and dilated RA (RAD, p=0.01, Figure [1](#F1){ref-type="fig"} F).

Comparing patients with HCM in SR (Figure [1](#F1){ref-type="fig"} A-C) with those who developed AF during follow-up (Figure [1](#F1){ref-type="fig"} G-I), the latter presented with significantly reduced septal MAPSE (p=0.01), significantly diminished TAPSE (p=0.02) and significantly higher RAD (p=0.01).

ROC analysis (Figure [2](#F2){ref-type="fig"}) indicated good predictive performance of TAPSE, RAD and septal MAPSE (AUC 0.73, 0.69 and 0.71, respectively). A cut-off at 1.7 for TAPSE had a sensitivity of 79% and a specificity of 70% to predict the occurrence of AF during follow-up. With respect to RAD, a cut-off of 47.5 mm for RAD revealed AF during follow-up with a sensitivity of 74% and a specificity of 77%. With a cut-off at 0.9 cm for septal MAPSE had a sensitivity of 90% and a specificity of 62% to predict the occurrence of AF during follow-up.

Discussion
==========

In patients with HCM, despite normal radial LV and RV function, longitudinal contraction was significantly impaired to healthy controls. Furthermore, irrespective of the presence or incidence of AF, LA was enlarged and MAPSE measurements were diminished in all patients with HCM compared to healthy controls. However, HCM patients with history of AF and those at risk to develop AF both additionally presented with RA dilatation and reduced TAPSE.

Thus, variable degrees of LA dilatation and reduced septal MAPSE seem to be a common feature in all patients with HCM whereas enlarged RA volumes and reduced TAPSE only seem to be present in patients with history and at risk to develop AF. Therefore RAD and TAPSE measurements could serve as easy to determine predictors of AF.

So far, the pathophysiological mechanisms that predispose to AF in patients with HCM are poorly understood. It is known that LA size [@B12], LA volume [@B5], [@B13] and LA function [@B14] as well as advanced age [@B14] are independently associated with AF in patients with HCM. In line with these results, in the present study, patients with HCM who presented with AF at initial diagnosis showed the most pronounced LA dilatation. Patients with HCM who remained in SR and those who developed AF during follow-up both also revealed significantly dilated LA compared to healthy controls. However, LA volumes were comparable between patients who remained in SR and those who developed AF during follow-up. Thus, LA dilatation was not considered to be able to discriminate those at risk to develop AF from those remaining in SR.

Another factor that has been related to AF development in patients with HCM is LGE. In an autopsy study by Yamaji et al. [@B15], LV fibrosis was detected histologically in patients with HCM and AF more frequently. This was in line with a previous study of our group [@B5] that also found significantly more LGE in HCM patients with AF compared to those without AF. In the present study, patients with AF or those who developed AF during follow-up also showed a trend towards more LGE compared to those who remained in SR.

It is known that the hypertrophic process in HCM may also affect the right ventricle [@B16] In patients with HCM and a concomitant RV involvement, McKenna WJ et al. [@B16] reported a significant association between RV involvement and severity of symptoms. Besides, they reported an increased incidence of ventricular tachycardias and supraventricular arrhythmias in these patients. The structure and motion of the RV has been studied to a lesser extent, but movement of the free wall is primarily longitudinal with an element of radial contraction towards the apex and anterior section [@B17]. In patients with HCM two dimensional strain echocardiography has shown that despite preserved radial function, longitudinal contraction might be reduced representing the early phase of disease [@B18]. Longitudinal RV function can be estimated using the semi-quantitative TAPSE measurement [@B2]. In our study, patients who presented with AF at initial diagnosis or during follow-up showed significantly reduced TAPSE compared to healthy controls as well as to patients who remained in SR. Moreover, patients with HCM who presented with AF or develop AF during follow-up had significantly enlarged right atria compared to those patients who remained in SR or healthy controls. This finding is consistent with previous reports describing an association between dilation of the right atrium and higher incidence of AF [@B19]. TAPSE measurements and RAD were comparable among patients with HCM who remained in SR and healthy controls.

AF is the most common arrhythmia in patients with HCM [@B20] and develops in at least 20% of patients. However, the true incidence of AF is probably higher. In our study population the prevalence and incidence of AF were both 19.4%. Since even paroxysmal episodes of AF constitute a thromboembolic risk and may cause rapid clinical deterioration in patients with HCM, the occurrence of AF has shown to predict morbidity and mortality [@B4], emphasizing the paramount clinical importance to identify predictors of AF.

Clinical implication
--------------------

In our study reduced TAPSE and increased RAD showed good predictive performance with regard to the development of AF. Due to the association between AF and increased morbidity and mortality in patients with HCM [@B4], oral anticoagulation should be prescribed early in this condition. In the presence of reduced longitudinal RV contraction and right atrial dilatation determined by CMR, patients with HCM should be screened for symptoms of AF. Serial 12-lead ECGs and Holter monitoring should be recommended to detect AF as early as possible.

Conclusion
==========

Reduced MAPSE measurements and LA dilation seems to be a common feature in patients with HCM, whereas reduced TAPSE and RA dilatation only seem to be altered in patients with history of AF and those developing AF. Therefore, they could serve as easy determinable markers of AF in patients with HCM indicating patients in whom early screening for AF might be beneficial.
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![**Representative Figure.**In patients with HCM remaining in sinus rhythm (A-C), in those with atrial fibrillation at intial diagnosis (D-F) and those developing atrial fibrillation during follow-up (G-I), septal MAPSE (black line B,E, H) was calculated by subtracting the end-systolic (B, E, H) from the end-diastolic length (A, D, G) and the RAD (C, F, I) was determined.](ijmsv13p0001g001){#F1}

![**Receiver operating characteristic (ROC) curves analysis.**ROC curves for TAPSE (Panel A), RAD (Panel B) and septal MAPSE (Panel C) to predict the occurrence of atrial fibrillation during follow-up.](ijmsv13p0001g002){#F2}

###### 

A CMR characteristics of Patients with HCM and healthy controls

                                                All patients with HCM (n=98)   Healthy Controls (n=30)   p-value all patients with HCM vs healthy controls
  --------------------------------------------- ------------------------------ ------------------------- ---------------------------------------------------
  Age (yrs)                                     56±14                          50±8                      0.06
  Male gender (n/%)                             67 (68)                        23 (77)                   0.5
  LV-EF(%)                                      61±10                          59±4                      0.3
  LV-EDVI (ml·m^-2^)                            77±20                          71±15                     0.2
  LV-ESVI (ml·m^-2^)                            31±15                          30±5                      0.2
  LV-SVI (ml·m^-2^)                             46±12                          45±10                     0.3
  LV-EDMI (g·m^-2^)                             99±33                          60±11                     \<0.0001
  LVRI (g/ml)                                   1.3±0.5                        0.9±0.3                   0.0003
  LV EDD (mm)                                   52±7                           50±4                      0.2
  SWT (mm)                                      20±5                           9±2                       \<0.0001
  PWT (mm)                                      10±3                           8±2                       0.0001
  indexed LA volume (ml·m^-2^)                  49±24                          22±3                      \<0.0001
  Septal MAPSE (cm)                             0.94±0.37                      1.29±0.27                 \<0.0001
  TAPSE (cm)                                    1.78±0.58                      2.03±0.17                 0.03
  RV-EF (%)                                     62±11                          58±4                      0.08
  RV-EDVI (ml·m^-2^)                            71±21                          69±12                     0.7
  RV-ESVI (ml·m^-2^)                            28±13                          28±6                      0.8
  RV-SVI (ml·m^-2^)                             43±11                          41±7                      0.3
  RVEDD (mm)                                    42±6                           41±7                      0.3
  RVESD (mm)                                    28±7                           27±6                      0.5
  RAD (mm)                                      43±7                           40±4                      0.05
  Presence of ≥ moderate mitral regurgitation   12 (12)                        0                         \-
  Presence of LGE                               63 (64)                        0                         \-
  LGE Extent (%)                                13±14                          0                         \-

Data are presented as ± standard deviation. Volumes are indexed to body surface area.

EDD=end diastolic dimension, EDMI= end diastolic mass index, EDVI=end diastolic volume index, ESVI=end systolic volume index, LA= left atrial, LGE= late gadolinium enhancement, LV= left ventricular, LVRI= left ventricular remodeling index, MAPSE = mitral annular plane systolic excursion, PWT=posterior wall thickness, SR=sinus rhythm, SWT=septal wall thickness

###### 

CMR characteristics of Patients with HCM and SR compared to Healthy Controls

                                                      Healthy Controls (n=30)   HCM patients remaining in SR (n=60)   p-value HCM patients remaining in SR vs healthy controls
  --------------------------------------------------- ------------------------- ------------------------------------- ----------------------------------------------------------
  Age (yrs)                                           50±8                      53±14                                 0.4
  Male gender n (%)                                   23 (77)                   45 (75)                               0.9
  LV-EF (%)                                           59±4                      63±9                                  0.03
  LV-EDVI (ml·m^-2^)                                  71±15                     77±17                                 0.1
  LV-ESVI (ml·m^-2^)                                  30±5                      30±12                                 0.3
  LV-SVI (ml·m^-2^)                                   45±10                     47±11                                 0.1
  LV-EDMI (g·m^-2^)                                   60±11                     101±33                                \<0.0001
  LVRI (g/ml)                                         0.9±0.3                   1.3±0.5                               0.001
  LV EDD (mm)                                         50±4                      53±6                                  0.05
  SWT (mm)                                            9±2                       20±6                                  \<0.0001
  PWT (mm)                                            8±2                       10±3                                  0.001
  Indexed LA volume (ml·m^-2^)                        22±3                      44±21                                 \<0.0001
  Septal MAPSE (cm)                                   1.29±0.27                 1.04±0.38                             0.003
  TAPSE                                               2.03±0.17                 1.91±0.59                             0.3
  RV-EF (%)                                           58±4                      63±11                                 0.07
  RV-EDVI (ml·m^-2^)                                  69±12                     71±23                                 0.5
  RV-ESVI (ml·m^-2^)                                  28±6                      27±13                                 0.7
  RV-SVI (ml·m^-2^)                                   41±7                      44±10                                 0.2
  RVEDD (mm)                                          41±7                      42±6                                  0.2
  RVESD (mm)                                          27±6                      28±7                                  0.5
  RAD (mm)                                            40±4                      42±7                                  0.3
  Presence of ≥ moderate mitral regurgitation n (%)   0                         6 (10)                                \-
  Presence of LGE                                     0                         36 (60)                               \-
  LGE Extent (%)                                      0                         11±12                                 \-

Data are presented as ± standard deviation. Volumes are indexed to body surface area.

EDD=end diastolic dimension, EDMI= end diastolic mass index, EDVI=end diastolic volume index, ESVI=end systolic volume index, LA= left atrial, LGE= late gadolinium enhancement, LV= left ventricular, LVRI= left ventricular remodeling index, MAPSE = mitral annular plane systolic excursion, PWT=posterior wall thickness, SWT=septal wall thickness

###### 

CMR characteristics of Patients with HCM with regard to AF

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                      HCM patients remaining in SR (n=60)   Patients with AF at initial diagnosis (n=19)   p-value\                                                                    Patients with AF during follow-up (n=19)   p-value HCM patients remaining in SR vs HCM patients with AF during follow-up
                                                                                                                                           HCM patients remaining in SR vs HCM patients with AF at initial diagnosis                                              
  --------------------------------------------------- ------------------------------------- ---------------------------------------------- --------------------------------------------------------------------------- ------------------------------------------ -------------------------------------------------------------------------------
  Age (yrs)                                           53±14                                 63±11                                          0.01                                                                        59±11                                      0.1

  Male gender\                                        45 (75)                               12 (63)                                        0.2                                                                         10 (53)                                    0.9
  n (%)                                                                                                                                                                                                                                                           

  LV-EF (%)                                           63±9                                  59±11                                          0.1                                                                         58±10                                      0.1

  LV-EDVI (ml·m^-2^)                                  77±17                                 78±27                                          0.8                                                                         75±22                                      0.6

  LV-ESVI (ml·m^-2^)                                  30±12                                 35±23                                          0.3                                                                         32±18                                      0.6

  LV-SVI (ml·m^-2^)                                   47±11                                 48±15                                          0.9                                                                         41±13                                      0.1

  LV-EDMI (g·m^-2^)                                   101±33                                104±41                                         0.8                                                                         90±24                                      0.2

  LVRI (g/ml)                                         1.3±0.5                               1.4±0.6                                        0.6                                                                         1.3±0.3                                    0.5

  LV EDD (mm)                                         53±6                                  51±8                                           0.5                                                                         51±7                                       0.2

  SWT (mm)                                            20±6                                  19±4                                           0.5                                                                         20±5                                       0.8

  PWT (mm)                                            10±3                                  10±2                                           0.7                                                                         10±2                                       0.8

  Indexed LA volume (ml·m^-2^)                        44±21                                 62±26                                          0.004                                                                       53±28                                      0.1

  Septal MAPSE (cm)                                   1.04±0.38                             0.76±0.38                                      0.01                                                                        0.80±0.19                                  0.01

  TAPSE                                               1.91±0.59                             1.57±0.59                                      0.03                                                                        1.60±0.43                                  0.02

  RV-EF (%)                                           63±11                                 61±10                                          0.4                                                                         62±10                                      0.8

  RV-EDVI (ml·m^-2^)                                  71±23                                 70±17                                          0.8                                                                         68±19                                      0.6

  RV-ESVI (ml·m^-2^)                                  27±13                                 28±12                                          0.9                                                                         28±14                                      0.8

  RV-SVI (ml·m^-2^)                                   44±10                                 42±11                                          0.5                                                                         40±11                                      0.2

  RVEDD (mm)                                          42±6                                  41±6                                           0.2                                                                         42±6                                       0.9

  RVESD (mm)                                          28±7                                  27±6                                           0.7                                                                         29±7                                       0.8

  RAD (mm)                                            42±7                                  47±6                                           0.01                                                                        46±6                                       0.01

  Presence of ≥ moderate mitral regurgitation n (%)   6 (10)                                4 (21)                                         0.4                                                                         2 (22)                                     0.9

  Presence of LGE                                     36 (60)                               14 (74)                                        0.6                                                                         13 (68)                                    0.2

  LGE Extent (%)                                      11±12                                 16±16                                          0.2                                                                         17±18                                      0.1
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Data are presented as ± standard deviation. Volumes are indexed to body surface area.

EDD=end diastolic dimension, EDMI= end diastolic mass index, EDVI=end diastolic volume index, ESVI=end systolic volume index, LA= left atrial, LGE= late gadolinium enhancement, LV= left ventricular, LVRI= left ventricular remodeling index, MAPSE = mitral annular plane systolic excursion, PWT=posterior wall thickness, SWT=septal wall thickness
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